Abstract A conventional breeding program was established to transfer the bacterial phytoene synthase transgene-crtB-from a transgenic, white-rooted cassava to yellow-rooted cassava plants carrying the endogenous phytoene synthase alleles named psy2-y 1 and/or psy2-y 2 . Combining endogenous phytoene synthase enzymes (PSYs) with CRTB in a single cassava plant would allow the molecular dissection of individual allele contributions to carotenoid synthesis and/or accumulation in cassava roots. The simultaneous expression of the crtB transgene and psy2-y 2 in individuals planted in the field coincided with higher total, HPLC-quantified carotenoid content in roots, although the variability among replications (plants) precluded the detection of statistically significant differences. Nevertheless, the highest total carotenoid content in roots within a family coincided with one individual of the F1 progeny carrying both psy2-y 2 and crtB genes. The results also indicated the presence of at least one more key gene-different from psy or crtB-which too is necessary for the synthesis and/or accumulation of Pro-Vitamin A carotenoids in cassava roots.
Introduction
Cassava is considered the second source of starch globally, after maize (FAO 2013) , but it is a poor source of micronutrients like carotenoids and proteins, especially white roots that are the most consumed fresh and/or for starch production. Regarding carotenoid synthesis, cassava has three Phytoene Synthase (psy) genes ) of which two, psy1 and psy2, synthesize the first committed step of the carotenoid synthesis pathway, Phytoene ( Fig. 1 ; Welsch et al. 2010) . Gene psy2 has two alleles named psy2-y 1 and psy2-y 2 ; the former is homozygous in white cassava roots while yellow roots always carry at Electronic supplementary material The online version of this article (doi:10.1007/s11248-017-0037-y) contains supplementary material, which is available to authorized users. least one psy2-y 2 allele. Several researchers have used genetic transformation to introduce genes to biofortify cassava, that is, to increase the content of macro-and micro-nutrients in roots (reviewed by Chavarriaga et al. 2016) . Expressing genes like crtB, the bacterial version of plants' phytoene synthases (PSYs), in white cassava roots of cv. 60444 increased total carotenoid content (TCC) up to[30 times, raising the levels of bcarotene (BC) up to almost 7 lg/g (dry weight; DW) making former white roots appear orange Failla et al. 2012) . These transgenic cassava plants carried two copies of the exogenous crtB transgene together with unfavorable alleles for the synthesis of phytoene, the phytoene synthase (psy) endogenous cassava gene psy2-y 1 in homozygous state . Even though, the crtB transgene alone, or together with phytoene desaturase (crtI) and lycopene b-cyclase (crtY; Bonilla 2010), or with the upstream gene deoxy-xylulose 5-phosphate synthase (dxs; Failla et al. 2012) helped the white-rooted cassava cultivar 60444 produce and accumulate carotenoids in roots. Although the increases in TCC were substantial in the best transgenic lines, they were not enough to render transgenic cassava as a proVitamin A carotenoids (PVAC) source. Besides, they were in a cultivar of limited use in, i.e., Africa, where biofortification efforts through biotechnology have focused (Sayre et al. 2011) . Furthermore, for plants with only the crtB transgene, TCC levels apparently fell as the roots matured (Chavarriaga 2013) . Also, cassava cultivars with white roots more efficiently catabolize b-carotene, producing derived molecules such as b-ionone (Maldonado, unpublished), which reduce the accumulation of the key carotenoids important for human health.
In breeding for increase carotenoids in roots of cassava, the variability contributed by transgenesis has not been taken into account. The reasons for not including genetically modified organisms are manifold, e.g., acceptance, delivery costs and/or intellectual property, to name a few. However, on the one hand, high-potential genes from transgenic parents are transferred to progeny for the production/accumulation of carotenoids, to genotypes better suited for conventional breeding. On the other hand, bottlenecks emerge along the carotenoid biosynthetic pathway that expose the importance of genes involved in it, or new and unexpected allele combinations occur, resulting in carotenoid content relevant to human health. Therefore, we decided to test the hypothesis that by bringing together the crtB transgene and psy2-y 2 in a single individual it would be possible to discover synergisms between crtB and other beneficial alleles contributed by yellow-rooted parents for the synthesis/accumulation of carotenoids in cassava roots. Thus, a breeding program was so established to produce progeny carrying both phytoene synthases and analyze their field performance in terms of gene expression and HPLC-quantified root carotenoid content. The findings of this breeding effort are presented further down in this publication. . PSY plays a pivotal role since it catalyzes the first committed biosynthetic step in carotenogenesis. PSY together with the bacterial Phytoene Synthase CRTB (underlined) can enhance the production of Phytoene to increase carotenoid content in white cassava roots . IPP, isopentenyl-diphosphate; DMAPP, dimethylallyl-diphosphate; GGPP, geranylgeranyl-diphosphate; GGPS, geranylgeranyldiphosphate synthase; PDS, phytoene desaturase; ZISO, z-carotene isomerase; ZDS, z-carotene desaturase; CRTISO, carotene isomerase; LCY, lycopene b and e-cyclase. The dashed arrow represents multiple enzymatic steps
Materials and methods

Crosses
Three male parents, GM905-21, GM905-57 and GM905-60 were selected from CIAT's breeding program, with high fresh-weight TCC (ranging from 6.65 a-20.64 mg/g), for crossing with the transgenic female parent pCasPhyt-12, derived from the white genotype 60444. All the male parents were derived from the cross between yellow and rooted landraces MCR 87 9 MPER 297, obtained from CIAT's germplasm bank. Only one-way crosses were done by pollinating the transgenic mother with pollen from the non-transgenic male parent. Every day for one week, the pollen donors were inspected for bagging (i.e., covering with nylon mesh bags) of the male flowers approaching maturity and releasing pollen. The same was done for the flowers of female progenitor to prevent uncontrolled pollination by insects or other agents. Early in the morning on the day of the crossing, mature male flowers would be collected and transported in Petri dishes lined with filter paper moistened with water to the plot where the female receptor for the pollination had been planted. A single male flower would fertilize several female flowers, with the identity of the crosses recorded. The fertilization process would be repeated for three weeks until there was a minimum of 40 crosses for each pair of parents.
Once the crosses were established, the fruits grew and were left to mature and dry on the plant (approximately three months). Each fruit was duly labeled and bagged in nylon-mesh bags to prevent seed dispersal. Once the seeds were obtained, they were thereafter germinated in vitro to multiply the progeny and maintain copies in our in vitro, transgenic gene bank. Seeds germinated for approximately one month at 28°C with a 12 h photo-period in growth rooms.
Establishment in the greenhouse and in the field
The seedlings obtained in vitro were propagated indefinitely in the same culture medium every three to four months. All the progeny were transferred to greenhouses and then to the field where they were planted with at least two replicates for each individual, together with the parents (Table 1 in results section).
Recommended agronomic practices for cassava were followed, i.e., fertilization and weed and pest control (Calle 2002; Cadavid 2002) , and removal of flower buds to prevent pollen dispersion, until the harvest when the plants were 12-13 months of age.
Once the plants reached 12-13 months of age, they were harvested in accordance with the following protocol:
1. Selection of harvested individuals was based on the presence or absence of the hpt and crtB genes, detected using conventional PCR (Supplementary Material; Chavarriaga 2013) , and by plant vigor, indicated by plant height generally exceeding 1.5 m. Selection was not based on root color. At least two biological replicates were harvested for each selected individual. 2. For each plant, all the roots that were in good condition were gathered, i.e., roots were confirmed free of any disease symptoms (i.e., rot, or cassava frogskin disease), and generally of good market value (i.e., 400-800 g, 20-30 cm long and 5-10 cm in diameter; Ortiz et al. 2011) . Once gathered, the roots were packed in kraft paper bags to protect them from light while the harvesting for the day continued, after which the roots were taken to the laboratory for processing. 3. Once in the laboratory, all the roots of each plant were quickly peeled, washed, dried and machineground. Next, the ground roots of each plant were combined and samples taken to determine dry matter and carotenoid content using HPLC (see below). Extraction and quantification of carotenoids were done between two and six hours after harvest.
Dry matter was determined by taking a 20-30 g sample of fresh ground roots, evaporating the water in the sample for 48 h at 60°C, and was expressed as a percentage of the final weight (after drying) relative to the initial fresh weight.
Detection of the hptII and crtB transgenes
The detection of transgenes inserted in the genome of the progeny of selected individuals was done using the non-radioactive Southern blot method, following the instructions of the DIG kit (Roche, Cat# 11636090910), and by conventional PCR (Supplementary Material; Chavarriaga 2013 The transgenic line pCasPhyt12, derived from genotype 60444, was the mother of all the crosses with yellow-rooted parents of the GM905 series (-21, -57 and -60). At least two biological replicates of each genotype planted in the field were analyzed. Italics indicate individuals carrying the crtB gene. Bold are the highest averages for each carotenoid and the TCC in the progeny. The asterisk (*) within each column indicates no significant difference (a = 0.05) in carotenoid content between the individuals labeled and line 1221-55. 60444 is wild cassava (control)
Carotenoids extraction
All sample preparations and extractions were performed in a laboratory equipped with lights with UV filters to minimize photoisomerization reaction, following the procedure described by Ortiz et al. 2011 . Briefly, cassava root tissue (5.0 g) were homogenized for 1 min with 10 ml acetone:petroleum ether (1:1) using a Polytron homogenizer (IKA T18, Staufen, Germany), followed by centrifugation (Eppendorf 5804R, Hamburg, Germany), at 3000 rpm, for 10 min, at 4°C. The liquid phase was collected and extraction of the residue, followed by centrifugation, was repeated until it turned colourless (usually 3 times). The extracts were then combined with 10 ml of 0.1 M NaCl solution and the petroleum ether phase containing the carotenoids separated from the lower aqueous-acetone phase. Extracts were dried under a stream of nitrogen, resolubilized in methanol/methyl tert-butyl ether (1:1) HPLC-grade and filtered through a 0.22 lm PTFE syringe filter and then analyzed by HPLC.
Carotenoid quantification
Carotenoids were separated using a YMC C30 3 lm 2.0 mm 9 150 mm column, with a YMC carotenoid guard column (2.0 9 23 mm) in a HPLC system (Agilent Technologies 1200 series, Waldbronn, Germany) coupled with diode array detector. Carotenoids were identified by comparing spectral information with the literature (Britton 2004 ) and retention times with authentic all-trans-carotenoid standards. Quantification was based on seven-point calibration curves prepared spectrophotometrically with authentic alltrans standards. All the isomers of b-carotene were quantified with the standard curve for b-carotene, as were also violaxanthin, antheraxanthin and unknown carotenoids. a-carotene and lutein were quantified with their respective standard curves. Phytoene and phytofluene were quantified with the phytoene curve. Data were expressed as lg/g dry weight (lg/g DW).
DNA sequencing for detection of SNPs in parents and progeny DNA samples from the parents and progeny were sequenced using primers specific for the psy2-y 2 gene to detect the SNP which is associated with increased carotenoid content Chavarriaga 2013; Suppplementary Material) . The sequencing was conducted by the Macrogen Company.
qPCR to quantify the expression of PSY1, PSY2, crtB and 18S genes RNA was extracted using Trizol Invitrogen Ò method, in accordance with manufacturer's instructions. To purify the RNA, equal amounts of RNA were passed through the DNAse-I column to remove DNA (Qiagen Ò RNeasy mini kit). The cDNA was synthesized with TaqMan (Applied Biosystems) reverse transcription reagents, following the supplier's instructions. The equipment used for qPCR was a fluorometric thermocycler, Mx3005p, from Stratagene (Agilent Technologies) and the Dynamo TM SYBR Ò Green qPCR kit from Finnzymes (Finnzymes Oy, Espoo, Finland). To calculate the amplification efficiency of each gene (psy2-y 1 , psy2-y 2 , crtB and 18S), amplification curves from a randomly selected sample were established, with serial dilutions of cDNA of 0.5X for each. A linear Ct (cycle threshold) regression was done (see below) against the fluorescence in order to derive the measure of negative slope that would make it possible to calculate the amplification efficiency thus:
The amplification cycles were one melting cycle of 10 min at 95°C, followed by 30 amplification cycles of 30 s at 95°C each, 45 s at the annealing temperature for each primer pair, and a final extension cycle of 45 s at 72°C.
Dissociation curves (Tm; Temperature of Melting) were determined for each amplified gene, including 18S, to verify the purity (absence of contaminants) amplified by comparison with a standard, which, in this case, was the same gene expressed in the transgenic plant. This curve was established by defining a temperature gradient of 65-95°C in the thermal cycler.
The relative expression level R was quantified using the equation formulated by Livak and Schmittgen (2001) and Pfafll (2001) , using the Ct values for each sample normalized to the Ct values of the reference gene, 18S, and calibrated against the line of least expression. The equation
fies the expression as a function of: E goi , the amplification efficiency of the gene of interest (psy2-y 1 , psy2-y 2 or crtB);
DCt goi , the difference in Ct average between the amplified gene of interest in the control and the sample; E gor , the amplification efficiency of the reference gene, 18S;
DCt gor , the difference between the Ct averages of the amplified reference gene, 18S, in the control, and in the sample.
Results
F 1 seed germination and establishment in greenhouse and field
Once the seeds were collected from all the crosses, they were next germinated in vitro, followed by planting them in the greenhouse, taking leaf samples, and confirming the presence of the crtB and hpt genes by PCR and Southern blot hybridization. An unexpected characteristic in some of the seedlings germinated in vitro was yellow cotyledons (not shown). The progeny with yellow cotyledons consistently showed the presence of crtB gene detected using PCR and Southern hybridization. Plants were finally established in the greenhouse and field.
Estimated carotenoid content using the HPLC method
Based on the ability of the crtB transgene to increase TCC in white cassava , we decided to challenge the hypothesis that this effect would be magnified in an individual whose genetic background derived from yellow-rooted parents that were providing beneficial alleles for the production/accumulation of carotenoids. To this end, crosses were made between the transgenic line pCasPhyt-12, which flowered prolifically, and three yellow fathers. The results of the TCC analysis, and the composition of carotenoids in the progeny, estimated using the HPLC, are shown in Table 1 .
Analysis of expression of phytoene synthases PSY1 and PSY2 in family 1221
The individual carrying the crtB gene with the highest TCC was in the 1221 family. It was therefore decided to analyze the expression of three phytoene synthase genes-PSY1, PSY2 and crtB in all members of this family. Thus, Fig. 2 shows that both the transgenic mother, pCasPhyt-12, and its progeny, 1221-55, expressed the crtB transgene at similar levels, as would be expected for carriers of the transgene. However, taking the same dry-matter content (33%) from both individuals, only 1221-55 showed an increase in TCC (Table 1) , i.e., 33.5 lg/g in DW.
The TCC of 1221-55 was 9.46 units more than that in the yellow father GM905-21 (24.09 lg/g DW). This increase in TCC is noticeable considering that with each annual selection cycle through conventional breeding, TCC increases between 1 and 2 units/cycle (DW; Ceballos et al. 2013 ). These results suggested that expression of the crtB transgene coincides with the highest content of carotenoids in the line 1221-55 and also remained constant with sexual transmission.
Discussion
Crossing
The male parents were selected for crossing based on tuber color which was a good indicator of carotenoid content (Chavez et al. 2005) , and on the basis of different ability to produce offspring. As will be shown further below, the progeny showed different ability to produce and/or accumulate carotenoids in the tuber (Table 1) , most likely the product of the aggregate different abilities of each parent to transmit their genes to their progeny for additive effect and/or dominance (Ceballos et al. 2004) , which, in turn, influenced the synthesis and/or accumulation of carotenoids.
Carotenoid content
Just as with TCC analysis conducted previously, for some individuals, the variance was considerable, with standard deviations exceeding 30% from the mean, e.g., for the TCC in genotypes GM905-57 and 1221-84, or the trans-b-carotene (trans-BC) for the individual 1257-7. This variance is normal in cassava when the carotenoid content is estimated using the HPLC method: indeed, according to Ortiz et al. (2011) , this positive correlation, although moderate (R 2 = 0.3794), with dry-matter content, is a characteristic that varies with the environment. The TCC in the cassava root, when expressed in fresh weight (FW), increases between 8 and 10 months (after planting), and then decreases a little at 12 months. When TCC is expressed to dry-matter content (dry weight), it steadily increases at 8-12 months after planting (Ortiz et al. 2011) . Despite what has been posited by Ortiz et al. (2011) , where the relationship between dry matter and TCC in 26 genotypes was analyzed, the latest evidence, after analyzing more than 4000 cassava genotypes, indicates that there is no correlation between dry-matter content and the level of carotenoids in the roots, at least for market varieties whose dry-matter content ranged between 25 and 45% (Ceballos et al. 2013; Belalcazar et al. 2016) .
Of the individuals carrying the crtB gene confirmed by Southern blot (Fig. 3) , in terms of TCC and the content of individual carotenoids, 1221-55 surpassed all the other individuals, including its own parent. Its roots contained more antheraxanthin, lutein, 13-cis-bcarotene and a-carotene-amongst other carotenoidsthan the yellow parent, GM905-21. This observation suggested that carrying and expressing the crtB transgene substantially increases TCC, which could be explained by the possible synergistic effect of the presence and expression of the transgene, added to the combination of favorable alleles contributed by both parents, for the synthesis and/or accumulation of carotenoid in the root. However, as shown in Table 1 , the positive effect of the crtB gene depended on genotype, since not all individuals carrying the crtB gene showed increased TCC. The positive effect was comparable, within proportions, to that reported by Naqvi et al. (2011) in maize, where the transfer of three transgenes (psy1, crtI, lcyB) in the carotenoid biosynthetic pathway to yellow maize varieties through conventional breeding resulted in exceptional increases in carotenoids in the grain, and in an altered accumulation pattern in at least one individual in the progeny. The authors demonstrated that, on the one hand, genes were transferred with high potential for the production of carotenoids, to genotypes more able to store carotenoids in the grain. On the other hand, bottlenecks were found in the carotenoid biosynthetic pathway, and new and unexpected genotypes were obtained, with carotenoid content relevant for human health: for example, genotypes with more lutein and zeaxanthin. The hypothesis for the case of maize was that the observed effect was due to the synergistic action of the transgenes and the endogenous genes. Thus, in the case of cassava, transfer and overexpression of the crtB gene in the progeny might have affected the balance of the pathway, for example, the accumulation of lutein (3.5 times more than the father, see Table 1 ), or the duplication of 13-cis and 9-cis-bcarotene, through possible synergies with products of the endogenous genes. These changes were ultimately reflected in an overall increase of about three units in fresh weight in the TCC. The synergistic interactions between the enzymes of the carotenoid synthesis pathway should be common given its location in complex multiproteins in the chloroplast membrane. For example, recent models of the interaction of enzymes in the chloroplast to synthesize carotenoids suggest that PSY could be free in the stroma and/or associated with two other enzymes (GGDS and IDI; Ruiz-Sola and Rodriguez-Concepcion 2012). This mechanism requires, at a minimum, physical proximity of the enzymes to efficiently channel the substrate necessary for the synthesis of more complex compounds such as phytoene. Furthermore, phytoene desaturase is located in a large complex of membrane proteins (Lopez et al. 2008 ) but how it interacts with other enzymes in the same complex to desaturate phytoene has not yet been described. Recently, the synergistic interaction between P450 hydroxylases (CYP97A and CYP97C) that hydroxylate rings b and e, respectively, from a-carotene to form lutein has been described (Quinlan et al. 2012 ). This work demonstrated that to increase lutein production, coexpression, and physical and synergistic interaction between the two enzymes, are required. Although in this research there was no physical evidence of the interaction of endogenous PSY enzymes and the transgenic CRTB, it is reasonable to suggest that these two enzymes might have acted synergistically in channeling the GGPP substrate necessary in order to increase the production of phytoene. In fact, an examination of Table 1 shows that the individual 1221-55 produced more phytoene/phytofluene than its full siblings. This may be due to the presence and expression of the crtB transgene in a heterozygous genetic background containing one favorable psy2-y 2 allele for phytoene synthesis (see below). In other words, hypothetically, the transcriptional regulation of CRTB, PSY2-Y 2 and PSY2-Y 1 enzymes may be different in cassava. The former comes from a transgene with its own root-specific, strong promoter (Beltrán et al. 2010) , while the latter two are subjected to the intrinsic regulatory mechanism of the psy genes in cassava roots . Then, the overproduction of phytoene by the three enzymes possibly pushed the pathway to higher carotenoid production resulting in higher TCC. In the 1221 family, the individual carrying the crtB gene was found to have the highest average in the whole population for four of the ten carotenoids analyzed. The individual 1221-55 also had more carotenoids and more TCC than its yellow parent, except for phytoene, phytofluene and trans-b-carotene. The latter carotenoid was highest in the individual 1260-1 (4.37 ± 0.66 lg/g FW), which was not a crtB gene carrier but was a descendant of the parent with the highest content of trans-b-carotene (GM905-60; 5.98 ± 0.51 lg/g FW). This suggested that other paternal alleles were highly instrumental in increasing trans-b-carotene in this individual.
Expression of crtB and PSY genes and its relationship with carotenoid content in roots Figure 2 reveals an interesting aspect of the expression in roots of two of the three psy genes existing in cassava: usually, the psy1 gene was the one with the highest transcriptional activity. The work by Arango et al. (2010) showed that for in vitro cassava plants, subjected to stress from lack of water simulated using polyethylene glycol (PEG 6000), there was increased transcription in both psy1 and psy2 genes, with transcription stronger in psy1. According to Fig. 2 , for most 1221 family members sown in the field and harvested at 12-13 months of age, psy1 transcription was higher, suggesting that they were under drought stress. To verify whether this was the case, rainfall data around harvest-time were reviewed. The accumulated rainfall between the months of harvest was 30 mm 3 /mm 2 ; it was during this interval that the roots of parents and progeny were harvested. This would indicate that at the time of harvest and molecular and biochemical analysis, the roots were under waterdeficiency stress. Comparatively, during a rainy period at the CIAT-Palmira experimental station, the accumulated rainfall exceeded 250 mm 3 /mm 2 and could be in an excess of 300 mm 3 /mm 2 . This dry period of 21 days probably activated the transcription of both psy genes, but transcription was more noticeable for psy1. The relative expression of the psy3 gene was not measured in this work, because this gene does not seem to contribute to the formation of carotenoids in tubers, leaves or flowers; neither does it seems to respond to stresses such as drought and salinity , despite being the most homologous to the psy3 genes in rice and maize, which respond to these stresses Welsch et al. 2008) .
The increase in psy1 gene transcription does not necessarily lead to greater TCC in the root, as shown by the individual 1221-7 (TCC = 6.38 lg/g DW), despite 1221-7 being a carrier of the beneficial allele, psy2-y 2 , and expressing it at a higher level than its yellow father (Fig. 2) . Is there another level of variation and/or control of TCC that we do not know? Most likely, yes, and it is important to decipher it to learn more about the genetic control of the synthesis and accumulation of carotenoids in cassava. However, it should be mentioned again that the amount of carotenoids accumulated in the root does not exclusively depend on the transcription of psy genes. The type-or activity-of the PSY enzyme plays an important role . For example, the father GM905-21 has a lower relative level of psy2-y 2 transcription compared to its progeny 1221-4, -6 and -7. But the father has higher phytoene production and TCC. This phenomenon could be explained by the fact that the father is homozygous for the psy2-y 2 allele, which would double the PSY2-Y 2 enzyme content, thus conferring to the father the ability to synthesize more phytoene (Table 1) . However, the individuals GM 905-57 and GM905-60-both siblings of GM905-21-are heterozygous for PSY2-Y 2 enzyme, and have higher TCC than the latter. This indicates that increase in phytoene does not necessarily translate into an increase of TCC. On the other hand, the individual 1221-55, although heterozygous psy2-y 1 /psy2-y 2 , and expressing both psy genes, also carries and expresses the crtB gene, which, apparently, would confer an advantage to produce more phytoene than its siblings, and more carotenoids than any of the individuals analyzed in this study. In terms of messenger quantity, that of crtB is what makes the difference between 1221-55 and its siblings, because the level of psy2-y 2 expression is very similar in all of them, and identical to that of the yellow father, GM905-21. To support the idea that psy genes are not solely responsible for the TCC in cassava, the work by Morillo (2012) on heredity of TCC, and that of Ovalle et al. (2016) on SNP-based mapping analysis indicates that, based on TCC trait segregation, the synthesis/accumulation of carotenoids in cassava roots involves at least two major genes-some recessive-and that there are also minor genes involved that affect TCC. A similar situation exists with the heredity, in carrots, of the content of phytoene, lycopene, a-, b-and f-carotene, and of total carotenoids (Santos and Philipp 2006) . After establishing a segregating population from a cross between orange-or white-rooted parents, it was determined that at least four genes were involved in acarotene content, of which one or two were involved in total carotene and lycopene content, and one for the content of the other carotenoids analyzed. As can be inferred, TCC heredity, and heredity of the content of individual carotenoids, is complex for accumulation in Transgenic Res (2017) 26:639-651 647 roots. What would have been expected in a segregating population such as the cassava one analyzed in this study, would have been to obtain individuals with multiple combinations of the multiple alleles involved. Not all individuals carry as many favorable alleles for, for example, increase in TCC. If we consider the crtB gene as ''another favorable allele'', which, when present, increases TCC, the line 1221-55 would be exceptional. This is because the line would have a greater number of beneficial alleles, which, added to the action of the crtB gene, would favor the increase of TCC.
The presence of the psy2-y 2 allele, concurrently with the crtB gene, influence the phytoene content and TCC
As mentioned above, it seemed that the presence of the crtB gene positively influenced TCC, and the content of specific carotenoids in some individuals. With the evidence accumulated from this investigation, it cannot, however, be assumed that this positive effect was due solely to the action of crtB gene. It should also be considered that TCC increase was also influenced by the combined action of the crtB gene and other favorable alleles of the carotenoid pathway contributed by the yellow parents. For example, the single nucleotide polymorphism (SNP) of the PSY2 gene, played an important role. In the case of the 1221 family, the father was homozygous for the psy2-y 2 allele, while the mother was for the psy2-y 1 allele. Thus, all the progeny were heterozygous for PSY2 (psy2-y 2 /psy2-y 1 ), and hemizygous for crtB. The psy2-y 2 allele expresses a phytoene synthase more effective for producing phytoene and for boosting the carotene synthesis pathway, in such a way that psy2-y 2 /psy2-y 2 homozygous individuals such as GM905-21, reached higher levels of phytoene production, the heterozygous psy2-y 2 /psy2-y 1 were at intermediate level (e.g., 1221-6 and 1221-84) , while the heterozygous psy2-y 2 /psy2-y 1 , crtB gene carriers, outperformed the intermediate group in phytoene production (e.g., 1221-55 and 1257-10). In summary, for the production of phytoene, the homozygous psy2-y 2 /psy2-y 2 was more effective than the heterozygous psy2-y 2 /psy2-y 1 ? crtB (crtB carrier), and the latter more effective than the heterozygous psy2-y 2 /psy2-y 1 . It should be mentioned that increased phytoene production does not always translate into higher TCC. In this case the individual 1221-55 was exceptional, because it had the highest TCC (fresh weight), probably due to a combination of favorable alleles for phytoene synthesis (psy2-y 2 and crtB) with other pathway alleles that favor the accumulation of carotenoids. This did not materialize for 1257-10, although also a carrier of psy2-y 2 and crtB, and which outperformed its yellow parent, GM905-57, in the production of phytoene (both with high standard deviation), but not in TCC. This supports the argument that the effect of overexpressing a Phytoene Synthase such as CRTB, driven by a strong, root-specific cassava promoter (Beltrán et al. 2010) , would also depend on the combination of alleles in other pathway genes present in each individual (it would be dependent on the genotype). The 1257 family had an individual (1257-13) with the highest amount of phytoene registered using the HPLC method. This is probably because the individual did not inherit all the beneficial alleles to desaturate/ isomerize phytoene. Indeed, its TCC was the same as its father, GM905-57, despite having triple its father's phytoene content, and despite being genetically identical in terms of alleles for the PSY2 gene (both heterozygous G/T). This favors the argument that, after crossing, the inheritance pathway for 1257-13 must have had deficiencies in the conversion of phytoene and other carotenoids, reconfirming that the level and type of carotenoid in cassava depends on the genotype, whose alleles are then transmitted to the progeny. This result is predictable given the heterozygosity of cassava, and that both parents are presumed to be heterozygous for an unknown number of alleles of genes involved in the synthesis and accumulation of carotenoids. Unfortunately, for most of the genes involved in the synthesis of carotenoids in cassava, the sequence of the alleles with positive effects (for increased carotene) is unknown, so it is impossible to discern the contributions of each allele towards TCC. This becomes the most critical perspective arising from this research to increase TCC in the roots of cassava.
In general terms with regard to TCC, phytoene, and its relationship with the Phytoene Synthases (CRTB and PSY), the ideal situation for cassava to become a rich source of pro-vitamin A, and of other carotenoids important for human and animal health, is that cassava accumulate carotenoids (high TCC), and that the phytoene/TCC ratio be low. This research has shown that this is possible, and individuals such as the GM905-60 parent, or 1221-55, which carries and expresses crtB, reach similar levels of TCC, with good production and low accumulation of phytoene. The question is if, between these two genotypes, one had to be selected for commercialization, which one would it be? The answer is obvious: GM905-60 because it would not be subject to the strict biosafety regulations that almost forbid the use of GMOs through the high costs of analysis involved. However, if we had more transgenes available to increase the TCC in GM905-60 by 20 times, would it be worth trying? The answer is definitely yes.
To discern whether there was synergism in expressing the psy2 and crtB alleles, it was necessary to quantify the mRNA of both using real-time PCR, as explained above. However, it should be remembered that the difference between a cassava root with more carotenoids and one with less cannot be explained solely by the level of expression (mRNA) of the pathway genes (Arango 2010; Welsch et al. 2010) . It can also be explained by single nucleotide polymorphisms in genes such as psy2-y 2 , by the post-transcriptional control that has been observed in transcription factors that interact with pathway genes (Welsch et al. 2007 ), or by epigenetic control factors that have been described as potential checkpoints for carotenoid synthesis (Xu et al. 2010; Ruiz-Sola and Rodriguez-Concepción 2012) . Nevertheless, the SNPs of the PSY gene's coding region are not the only source of variation in the genes for carotenoid synthesis. For example, for maize, it is known that the lycopene gene for e-cyclase (LYC-e), with alleles that have insertions in the promoter regions or in the 3 0 coding sequence, balance the pathway for the formation of beta rings in lycopene, to make more bcarotene (Härje et al. 2008) , demonstrating that genes other than PSY also influence the synthesis and accumulation of pro-vitamin A carotenoids. As was the case for maize, it would be necessary to know the sequence of the genes that are beneficial for increasing the TCC in the cassava root. This will enable the development of markers to speed up conventional breeding programs, or to explore new combinations of genes for breeding using biotechnology.
Other genes with beneficial alleles may be involved in the increase of b-carotene and TCC in cassava
The research published by Welsch et al. (2010) showed that when the gene for bacterial phytoene synthase, crtB, was inserted into a white cassava plant whose genotype for the psy2 gene was psy2-y 1 /y 1 (TT), this resulted in the accumulation of b-carotene, a carotenoid further down phytoene in the carotenoid pathway, corresponding to &30-80% TCC (published in Welsch et al. 2010) , suggesting that it is not only the synthesis of phytoene that is essential for increasing the TCC in the cassava root. Thus, despite its color, white cassava provided other beneficial alleles, other than psy2-y 1 /y 1 , to increase b-carotene and TCC. The work by Morillo (2009) provides further proof that there are probably other crucial genes involved in increasing the TCC in the cassava root. Very recent SNP-based mapping analysis indicates that there are at least two sites in the cassava genome, in chromosome 2 and 7, involved in b-carotene accumulation (Ovalle et al. 2016) . If these loci are related to carotenoid synthesis, catabolism or storage is still unknown, which constitutes an excellent opportunity to use genome-editing tools to find out the true role of this and other genes of the carotenoid pathway in cassava. This reinforces the hypothesis that it is not only the PSY gene that is vital in the synthesis and accumulation of carotenoids in cassava. Indeed, this current research shows that individuals carrying the psy2-y 2 allele (heterozygous psy2-y 1 /y 2 ; all GT), and nontransgenics, such as 1257-14, synthesize and/or accumulate low levels of total carotenoids, indicating that psy2-y 2 is not the only gene involved in increasing the TCC in cassava roots. It could be argued that the heterozygosity of psy2 is what causes the decline of TCC in these individuals, which is refuted by the GM905-57 and GM905-60 parents, both heterozygous GT, and that have similar-or higher-total carotenoid content than their siblings, GM905-52 and GM905-21, that are TT homozygotes. Therefore, to achieve substantial increases in b-carotene and TCC in the cassava root, it is necessary that the other crucial synthesis pathway genes be characterized at the molecular level, as was done for the PSY gene ).
About significant differences in b-carotene and TCC between individuals
For all the carotenoid analyzed, the ANOVA showed significant differences between genotypes within and between families. For example, in the 1221 family, the individual 1221-55 was the only one that carried and expressed the crtB transgene, and that surpassed its siblings and parents in TCC, except for the 1221-74 line, with which there was no difference (t = 0. 4904), which could be explained by lower dry-matter content of the latter line. Low dry-matter content ''artificially'' increases TCC.
One interpretation of these results is that whereas there had indeed been a crtB gene effect, statistically, this effect was however confused with the effect of other favorable alleles that increase the TCC. Work published by Ortiz et al. (2011) and Morillo et al. (2012) confirms that the TCC in the roots of the same cassava plant varies, and depends on, among other factors, the stage of root development and water availability (rain) which, in turn, affect the drymatter content. Furthermore, insufficient replicates (small n) and imbalance (different replicates for each genotype) could also contribute to variability in this study.
Another interpretation is that, in the case of the 1221 family, all the progeny were heterozygous for the gene psy2 (psy2-y 2 /y 1 ) so their production of carotenoids was assured because it carried a favorable psy2 allele. In the individual 1221-55, which carried and expressed the crtB transgene, the synergistic effect of having two favorable enzymes for the synthesis of carotenoids (PSY2-Y2 and CRTB) could not be statistically differentiated, difficulting the differentiation between CRTB and PSY2-Y2 contributions towards TCC. This result contrasts with that observed in the transgenic lines pCasPhyt-12 and 309, where the presence of the CRTB enzyme-alone or in combination with the CRTI and CRTY enzymes-resulted in TCC increase in genotypes lacking PSY2-Y2 (i.e., that were homozygous for psy2-y 1 /y 1 ; Bonilla 2010).
Conclusions
The data presented in this research provides grounds to suggest that combining the crtB transgene with beneficial alleles for the synthesis and accumulation of carotenoids derived from yellow-rooted cassava parents results in a synergism that leads to an increase in the total root carotenoid content of the progeny. This synergism may have varied with genotypes, which was also reflected in the altered accumulation pattern of carotenoids in some individuals.
Cassava remains an important source of provitamin A, despite having a high content (&48%) of cis isomers of b-carotene (Howe et al. 2009 ), therefore the increase in cis isomers for b-carotene through transgenics reported here is encouraging. As has been demonstrated in this research, by transferring a single transgene, TCC can be increased by up to three units (from 8.08 to 11.11 lg/g FW), equivalent to 9.46 units in dry weight (24.09-33.55 lg/g DW). The increase from this transfer is equivalent to an increase of between &25% (FW) or 39% (DW) in one cycle of crossing. This is a good reason to combine conventional breeding and biotechnology to keep increasing the nutritional value of cassava. Finally, the results obtained in this research support the hypothesis that there are at least two key genes crucial for increasing TCC in cassava: one is the psy gene, the other is yet to be discovered.
